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Abstract
Background: Better diagnostic and prognostic tools are needed to address issues related to early diagnosis and
management of concussion across the continuum of aging but particularly in children and adolescents. The
purpose of the current study was to evaluate the reliability of robotic technology (KINARM robot) assessments of
reaching, position sense, bimanual motor function, visuospatial skills, attention and decision making in youth ice
hockey players (ages 10–14).
Methods: Thirty-four male children attended two testing days, one week apart. On day one, each subject completed
five tasks on the robot with two examiners (alternating examiner sequence); the 2nd examiner followed the same
procedure as the 1st immediately afterwards. One consistent examiner tested subjects one week later. This is a test-
retest reliability study. The robotic tasks characterize sensorimotor and/or cognitive performance; 63 parameters
from 5 tasks are reported. Session 1 was the 1st time the subject performed the 5 tasks, session 2 the 2nd time on
day 1, and session 3 one week following.
Results: Intra-class correlation coefficients ranged from 0.06 to 0.91 and 0.09 to 0.90 for session 1 to 2 and 2 to 3,
respectively. Bland-Altman plots showed agreement in a majority of the parameters and a learning effect in 25 % and
24 % of parameters in session 1 vs 2 and 1 vs 3, respectively but none for session 2 vs 3. Of those that showed a
learning effect, only 8 % of parameters in session 1 vs 2 and 10 % in session 1 vs 3 had a clinical relevance measure≥
0.8.
Conclusions: The relative homogeneity of the sample and the effect of learning seen in some of the task parameters
appears to have negatively impacted the intra-class correlation coefficients from session 1 to 2, with less impact for 2
to 3. The Bland-Altman analysis supports good absolute reliability in healthy male children with no neurological
impairment ranging in age from 10 to 14. The clinically relevant learning effect seen, in a small number of parameters
could be addressed by creating a learning effect adjustment factor and/or implementing a practice session, which
would eliminate the learning effect.
Background
The incidence of concussion [or mild traumatic brain in-
jury] in the US alone has been estimated at 1.7 million
per year accounting for 80 % of all brain injuries [1–4].
One hundred and sixty thousand Canadians sustain
brain injuries each year. [5]. Among Canadian university
hockey players, concussion constitutes 13 % of all
injuries, ranking as the second most common injury
after sprains or strains [6]. More than half of mild trau-
matic brain injuries occur in children and adolescents
[2]. Researchers from London, Ontario, Canada exam-
ined a retrospective cohort of concussions in children
and adolescents (<18 years) seen in the emergency de-
partment from 2006 to 2011, and showed that of the in-
dividuals who sustained a sport-related concussion, 36 %
did so while playing ice hockey [7]. Evidence suggests
children and adolescents may be more susceptible to
concussion, and may take longer to recover than adults
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[8–10]. Our understanding of the impact of sport related
concussion(s) on motor and cognitive processing in chil-
dren, with respect to the effect on the developing brain,
is limited [11, 12].
The injury spectrum associated with concussion is
broad, ranging from subtle or imperceptible to obvious
changes in motor and/or cognitive performance, and
vary dependent on the developmental stage of the cen-
tral nervous system [13–16]. One of the primary reasons
for the paucity of research related to the effect of con-
cussion in children and adolescents is the lack of sensi-
tive measurement tools that can identify impairments
following concussion [17, 18]. Better diagnostic and
prognostic tools are needed to address issues related to
early diagnosis and management of concussion across
the continuum of aging but particularly in children and
adolescents. The scarcity of age-specific research forces
practitioners to use guidelines developed for collegiate
or adult populations [19]. Researchers are beginning to
examine the efficacy of measurement tools used with
adults among children and adolescents [20, 21]. Matur-
ation occurs at different rates across various domains
within the central nervous system, ranging broadly from
18 (reaching correction) to 30 (precision of number
sense) years of age, which can complicate concussion
evaluation in children and adolescents [22–24]. Clinical
tools used to assess neurocognitive processing and pos-
tural control (e.g., Trail Making B Task – TMB and
Balance Error Scoring System – BESS) have been evalu-
ated to determine their reliability with children and ado-
lescent populations [20, 21]. The BESS shows a limited
ability to assess postural control in young athletes post-
mild traumatic brain injury [25]. Other researchers have
examined cognitive motor integration in children (mean
age: 13.2 years) following concussion [26]. Subjects were
required to slide a cursor from a central to a peripheral
target on a dual-touchscreen laptop using one finger
[26]. The results showed significant impairment in both
movement timing and trajectory formation with concus-
sion history (7 to 11 days post-concussion) [26]. Per-
formance of the cognitive motor integration task was
not restored to baseline levels until 18 months following
concussion [26].
Robotic technology has the potential to offer a clinical
diagnostic assessment tool that is ideal for objective, quan-
titative, rapid and automated assessment of neural func-
tion. The KINARM (BKIN Technologies Ltd, Ontario,
Canada) is a robotic device that has been used to detect
functional impairments across neurological domains
[27–29]. Subjects grasp two robotic arms while per-
forming automated upper-extremity tasks, while a two-
dimensional virtual reality display serves as a visual aid
in those tasks not testing proprioception. The tasks test
visuomotor, proprioceptive, rapid sensorimotor and
decision control, and executive function capabilities
[27–29]. The KINARM end point robot has been used
to explore the connection between degradation in per-
formance on the proprioceptive task within 24 hours
post mild traumatic brain injury and the prevalence of
post concussion syndrome three weeks post injury [30].
Subjects in the study were > 18 years of age. The results
identified subjects with post concussion syndrome had
more abnormal scores than those without post concus-
sion syndrome [30].
There is evidence that the KINARM robot is reliable
and sufficiently sensitive to use in adult stroke and mod-
erate/severe brain injury populations but little research
has been published examining its reliability with children
and adolescents [27–29]. Thus, the primary purpose of
the current study was to evaluate the reliability of ro-
botic technology in children and adolescents ranging in
age from 10 to 14 using a series of tasks designed to as-
sess neurological impairments. Intra-class correlation
coefficients ≥ 0.50 and Bland-Altman plots associated
with robotic parameters provided evidence that the




Thirty-four healthy, normally developing boys aged
10–14 years were recruited (individuals available to at-
tend two testing sessions one week apart) from the
subject population of a 5-year longitudinal prospective
study in children and adolescent ice hockey players.
This was a sample of convenience. The Conjoint Health
Research Ethics Board at the University of Calgary ap-
proved the study (Ethics ID number E24026). Prior to data
collection, parents provided signed consent for the partici-
pants to partake in all aspects of the study and the children
provided assent. Participants were included in the test-
retest portion of the study if they had not previously been
exposed to the robotic assessment. Individuals with prior
history of concussion and no neurological signs and symp-
toms were included in the study. If individuals had a major
injury to any joint of their upper extremities, had sustained
a concussion within the month of testing and/or between
test-retest sessions, or had a learning disability they were
excluded from the study.
Robotic assessment
The robotic assessment was performed using the
KINARM end point bimanual device, which permits
free movement of the upper extremities in the horizon-
tal plane while seated; refer to Fig. 1. A virtual reality
system displays visual targets such that they appear in
the same plane as the arms. Subjects experience force
feedback while grasping the robot handles when hitting
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targets during specific tasks. Participants attended two
testing sessions one week apart on the KINARM robot.
On day 1, each subject completed five tasks (63 param-
eters total) with two examiners (alternating examiner
sequence); the second examiner followed the same
procedure as the first. Overall there was no reason to
expect an examiner effect as all each examiner did was
place the subject in front of the robot and read a pre-
determined set of instructions for each task. Thus the
focus of the current study is the test-retest reliability
for the robotic testing [31]. Each testing session lasted 17
(1) (mean (SD)) minutes and the two sessions were sepa-
rated by approximately 2 minutes. Subjects were seated in a
chair in front of the robot, asked to avoid slouching, and
the robot height adjusted such that each child’s head rested
on a location in the center of the virtual visual field. Body
position was kept constant across subjects. Subjects com-
pleted the following 5 tasks during each testing session:
Visually guided reaching on right and left, Arm position
matching on right and left, Object hit, Object hit & avoid,
and Trail making B with the dominant limb. These tasks
characterize sensorimotor and/or cognitive performance.
Examiner 1 from the first day of the study tested all sub-
jects on the same five tasks (63 parameters) one week later.
Experimental tasks
Visually guided reaching task
This task provides a measure of upper limb visuomotor
capability (Fig. 2a). The robot handle is represented as a
white dot (0.5-cm radius) on the display. The task tar-
gets are red circles, each with a 1.0 cm radius. Partici-
pants reach out and back between the central and
peripheral targets. The four red targets are 10 cm from
the initial central target. Participants are instructed to
move the white dot from the centre of one target to the
centre of the next target that appears, as quickly and ac-
curately as possible. All targets are located near the
centre of the workspace for each arm. There are five
blocks of trials, target location is randomized within a
block and both the reach out and reach back trials are
analyzed. This process is repeated forty times to explore
the workspace and measure variability of the subject’s
responses. Each subject completed the task twice, once
with each arm; the dominant arm always preceded the
non-dominant arm. Although not identical, the task used
in the current work is similar to and uses metrics that
were described earlier using the KINARM exoskeleton
robot [28, 29, 31, 32].
Arm position matching task
This task provides a measure of proprioceptive (position
sense) capability (Fig. 2b). The robot moves one arm
(passive arm) to one of four different target locations
spaced at the corners of a square grid at 20 cm intervals
in the X and Y directions. Movements are made with a
bell-shaped velocity profile. Then, participants actively
move the opposite arm (active arm) to the mirror-image
location in space. Participants notify the examiner once
the mirror-matched position is reached and the exam-
iner advances the robot to the next trial. Each partici-
pant’s vision is blocked to ensure that any sensory
information about limb position comes from propriocep-
tive inputs. There are 6 blocks of trials, target location is
randomized within a block and 1 trial for each target is
completed within a block. The same target is never re-
peated sequentially. The task was completed twice with
dominant arm being the active arm first followed by the
non-dominant arm. A similar task has been used with
the KINARM exoskeleton robot [28, 29, 32, 33]. To save
time the task used in the current work used 4 targets ra-
ther that 8 [32].
Object hit task
This task is a rapid sensorimotor, decision and control
test (Fig. 2c). It assesses the ability of a subject to select
and engage motor actions with both hands over a range
of speeds and a large workspace. Virtual paddles appear
at the robot handles. Subjects are asked to use the pad-
dles to hit virtual balls that fall from the top of the
screen toward them. The robot produces a reactive force
that mimics the actual force that would have been felt
by the subject if these were real objects contacting a real
paddle. As the task proceeds the balls move at greater
speeds and appear more often, making the task more
difficult as time progresses. Balls fall at random from ten
bins, which are spread equally across the workspace, and
thirty balls fall from each bin. A total of three hundred
balls are dropped during the task in one minute and
forty-four seconds. A similar task has been used with
older adults and the KINARM exoskeleton robot, with a
slight reduction in the total time the balls were dropped
for the current work [34].
Fig. 1 The KINARM end point robot. The virtual reality workstation
makes it possible to view targets projected onto a screen
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Object hit and avoid
This task is similar to the Object hit task, but requires higher
executive function. Participants must hit target objects while
avoiding all others (Fig. 2d). Thus the emphasis is on atten-
tion, rapid motor selection, and inhibition. At the start of the
task subjects are shown two target shapes of a possible eight,
they are instructed to memorize these as the only two shapes
to hit during the task, and to avoid all other (6) distractor
shapes. If distractors hit the participant’s paddles they pass
through the paddles but there is no reactive force felt by the
subject. This provides immediate and ongoing feedback to
the subject that the object was a distracter and not a target.
As with the preceding task, when targets are hit the robot
produces a reactive force that mimics the actual force that
would have been felt by the subject if these were real objects
contacting a real paddle. Two hundred objects and one hun-
dred distractors fall in just over [Bourke TC, Lowrey CR,
Dukelow SP, Bagg SD, Norman KE, Scott SH. A robot-based
behavioural task to quantify impairments in rapid motor de-
cisions and actions after stroke. Submitted].
Trail making B task
This task is the second part of a cognitive test that evaluates
executive function (e.g., visual attention and task switching)
from the field of neuropsychology that is commonly used in
the assessment of brain injury (Fig. 2e) [35]. Normative data
from pen and pencil versions of the task have been published
for adolescents, adults and older adults across age ranges of
15–20, 20–59, and 55–85, respectively. [36]. Participants
trace through an alternating alpha-numeric sequence of tar-
gets 1-A-2-B for example, up to 13, for a total of 25 targets.
A shortened version of the task that has 5 targets precedes
the full task to help familiarize subjects with the task. If the
subject touches an incorrect target while moving through
the sequence the preceding correct target will turn red and
the subject must return to that target before continuing.
There are eight possible patterns for the Trail making B task
[37]. These patterns were randomly presented within and
across subjects who participated in the study.
Outcome measures
Task parameters associated with each task are presented
in Table 1. The parameters for each task were developed
to quantify task performance, thus behavioral attributes
associated with the parameters are included in Table 1.
Data analysis
Statistical analyses were performed in SPSS, version 19.0 [38].
The study was a repeated-measures design. Significance level
was set at alpha = 0.05. All subjects and their data were in-
cluded in the analysis as there were no missing data points. In
general, an effect size of 0.10 was considered small, 0.30 mod-
erate, and 0.50 large [38]. The effect size is expressed as fo-
cused comparisons based on any interactions or main effects
identified [38]. Data analysis was based on session; session one
(S1) refers to the first time the subject performed the 5
oooooo
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A. Visually Guided Reaching B. Arm Position Matching C. Object Hit






Robot - PassiveSubject - Active
Hit: Avoid:
Fig. 2 The five KINARM robot tasks used in the study. a Visually guided reaching with the right arm, b Arm position matching with the right arm,
c Object hit, d Object hit and avoid, and e. Trail making B (not to scale, example of the alpha-numeric alternation)
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Table 1 A summary of the five KINARM robot tasks
Task Behavioral attribute Parameter Definition
Visually Guided Reaching R
& L
Upper Limb Postural Control Posture speed (m/s) Mean hand speed when the hand should be at rest.
Motor Response to a Visual
Stimulus
Reaction time (s) Time from target onset to movement onset.
Feed-forward Control: Initial
phase of the movement.
Initial direction error (rad) Angular deviation between (i) a straight line from the hand
position at movement onset to the destination target, (ii) a
straight line from the hand position at movement onset to
the hand position after the initial phase of movement.
Feed-forward Control: Initial
phase of the movement.
Initial distance ratio Ratio of (i) the distance the hand travelled during the subject’s
initial phase of movement to (ii) the distance the hand travelled
between movement onset and movement offset (or the end of
the trial if the destination target is not reached).
Feed-forward Control: Initial
phase of the movement.
Initial speed ratio Ratio of (i) the maximum hand speed during the subject’s initial
phase of movement to (ii) the global hand speed maximum of
the trial.
Feedback Control: Movement
corrections after the initial
motor response.
Speed maxima count Number of hand speed maxima between movement onset
and offset.
Feedback Control: Movement
corrections after the initial
motor response.
Minimum maximum speed difference
(m/s)
Differences between hand speed maxima and minima.
Total Movement Movement time (s) Total time elapsed from movement onset to end.
Total Movement Path length ratio Ratio of (i) the distance travelled by the hand between the
movement onset and movement offset and (i) the straight
line distance between the starting and destination targets.
Total Movement Max speed (m/s) Global maximum hand speed.
Arm position matching R &
L
Position Sense Variability XY (m) Root-mean-square (RMS) of X and Y variables: mean value of the
variability of the subject’s hand position in the X and Y directions.
Position Sense Contraction/expansion ratio XY Ratio of the range of area moved over – arm moved by the subject
compared to the arm moved by the robot. Ratio of range of
movement in the x and y directions are used in the current ratio.
Position Sense Shift XY (m) RMS of the X and Y shifts: mean difference between the mirrored
x and y positions of the arm moved by the subject and the x and y
positions of the arm (+ lateral shift, - median shift).
Position Sense Absolute Error XY The mean absolute distance error across all trials.
Object Hit Global Performance Total hits Number of balls hit off the screen in the opposite direction from
it original path.
Global Performance Hits with left Number of balls hit with the left (L) hand
Global Performance Hit with right Number of balls hit with the right (R) hand














Table 1 A summary of the five KINARM robot tasks (Continued)
Spatial & Temporal Performance Miss bias Quantifies any bias of misses toward one side of the work space or the other
(x direction only).
Spatial & Temporal Performance Hand transition Shows where the subject’s preference for using one hand over the other switches
in the work space.
Motor Performance Hand selection overlap Captures how effective subjects are at using both hands and how often they overlap
hands (i.e., hit balls with both the R and L hands in the same area of the work space).
Spatial & Temporal Performance Median error The percentage of the way through the task when the subject made half their errors.
Motor Performance Hand speed L (m/s) The mean L hand speed maintained through the entire task.
Motor Performance Hand speed R (m/s) The mean R hand speed maintained through the entire task.
Hand bias Value from -1 to 1 that describes the bias in hand speed between the hands.
Motor Performance Movement area L & R (m^2) Area of space the subject used with each hand during the task.
Motor Performance Movement area bias Value from -1 to 1 that describes the bias in movement area between hands.
Object Hit & Avoid Includes the 14 parameters from Object
Hit
Distractor hits L Number of distractor objects hit with L hand.
Global Performance Distractor hits R Number of distractor objects hit with the R hand.
Global Performance Distractor hits total Number of distractor objects the subject hit; reported as the % of total
distracters dropped.
Trail Making B Executive Function Total time (s) Total time from the targets being illuminated to touching the last target.
Executive Function Dwell time (s) Total time spent with the hand feedback dot at the targets.
Time ratio Time for targets 13/25/time for targets 1–12.
Error count Number of times an incorrect target was touched.













tasks and session two (S2) the second time the five
tasks were performed all on day one. Session 3 (S3)
was performed following one week.
Intra-class correlation coefficients were used to assess
consistency or reliability of outcomes from the KINARM
robot for S1 to S2 and S2 to S3 [38, 39]. Although there
are no standard values for acceptable relative reliability
associated with intra-class correlation coefficients, the
following general guidelines have been suggested,
values > 0.75 indicate good reliability and < 0.75 poor to
moderate reliability [31]. Researchers and clinicians have
been encouraged not to use these general guidelines as ab-
solute standards but to remember that the degree of ac-
ceptable precision in the measurement must be taken
into account when determining an acceptable reliability
cut-off point [31]. For the purposes of the current study
coefficients of < 0.50 will indicate poor reliability, coeffi-
cients from 0.50 to < 0.75 moderate reliability, and coef-
ficients ≥ 0.75 good reliability [31]. In the current study
the intra-class correlation model was a two-way repeated
measures, random effects analysis of variance (ANOVA)
model and type consistency was performed using SPSS.
Session was used as the random sample to compute the
intra-class correlation coefficients [38–40].
Bland-Altman plots were used to evaluate agreement
for S1 to S2 and S2 to S3 and reflect the spread of differ-
ence scores (e.g., S1 – S2) around the line of equality,
the line all points would lie on if outcomes were exactly
the same when tested across sessions, the line at zero on
the graph [31, 41–42]. The spread of the difference
scores indicates whether the level of observed error is
acceptable, in the current study when S1 is substituted
for S2 and S2 for S3 [31, 42, 43]. The sessions are con-
sidered to be in agreement when the difference in sub-
ject’s performance for S1 to S2 or S2 to S3 is small
enough, within an acceptable clinical error range, for the
methods to be considered interchangeable [31, 41–43].
The 95 % limits of agreement define the range within which
most differences between measurements will lie based on
difference scores for S1 to S2 and S2 to S3. The require-
ments for agreement are met when 95 % of these difference
scores fall within two standard deviations above and below
the mean of the difference scores [31, 41, 42].
Two-way repeated measures ANOVAs (parameters
by sessions) were used to identify interaction and/or
session effects for S1 to S2, S2 to S3, and S1 to S3 for
right and left hands with the Visually guided reaching
and Arm position matching tasks, as well as for the
Object hit, Object hit and avoid, and Trail making B
tasks. Post-hoc Bonferroni corrections were used to
determine those parameters that showed a significant
learning effect with improvement in the presence of a
session effect. Only those parameters showing signifi-
cant improvement in performance were analyzed to
determine clinical relevance based on the individual ef-
fect size standards measure [43, 44]. This will be re-
ferred to as the clinical relevance measure in the
current study and was determined using the following
formula:
∂group ¼ m2‐ m1=s1
where
∂ group = clinical relevance measure for the group
m1 = the group mean at baseline
m2 = the group mean at follow-up
s1 = the group standard deviation at baseline [43–45].
Group effect size standards for the clinical relevance
measure are 0.20 for a small group change, 0.50 for a
moderate group change, and 0.80 for a large group
change [45, 46]. The cut-off benchmark of ≥ 0.8 was se-
lected to coincide with clinical relevance in the current
paper [45, 46].
Results
Characteristics of the subjects who took part in the
study can be found in Table 2. Table 3 presents a sum-
mary of the intra-class correlation coefficients and the
associated 95 % confidence intervals for parameters bi-
laterally for Visually guided reach, Arm position match-
ing, and then for Object hit, Object hit and avoid, and
the Trail making B tasks. Intra-class correlation coeffi-
cients were <0.50 in 25 %, ≥ 0.50 to < 0.75 in 49 %, and ≥
0.75 in 26 % of the parameters for S1 to S2 and < 0.50
in 27 %, ≥ 0.50 to < 0.75 in 37 %, and ≥ 0.75 in 36 %
of the parameters for S2 to S3.
Table 4 includes a summary of the data used when de-
termining agreement related to Bland-Altman plots,
which are presented in Figs. 3 and 4. The Bland-Altman
plots suggest agreement in the majority of the parame-
ters across the five tasks evaluated however a few pa-
rameters showed a learning effect. Figure 3 presents
Bland-Altman plots comparing S1 to S2 and S2 to S3 for
Table 2 Summary of the study population characteristics
Number of subjects 34
Age 11.5(1.1)
Range 10–14 years
Height (cm) 154.6 ± 9.6
Weight (Kg) 43.3 ± 9.6
Gender M =34
Dominant Hand R = 31
L = 3
History of Concussion 0 = 25
1 = 6
2 = 3
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Table 3 Summary of Intra-class correlation coefficients and 95 % Confidence intervals
Visually Guided Reaching Parameters: R ICC: S1 vs S2 ICC: S2 vs S3
Posture speed (m/s) 0.65, CI (0.30, 0.83) 0.38, CI (-0.24, 0.69)
Reaction time (s) 0.91, CI (0.81, 0.95) 0.84, CI (0.68, 0.92)
Initial direction error (rad) 0.48, CI (-0.05, 0.74) 0.72, CI (0.44, 0.86)
Initial distance ratio 0.12, CI (-0.76, 0.56) -0.10, CI (-1.21, 0.45)
Initial speed ratio 0.11, CI (-0.79, 0.55) 0.43, CI (-0.15, 0.72)
Speed maxima count 0.61, CI (0.21, 0.80) 0.40, CI (-0.19, 0.70)
Minimum maximum speed difference (m/s) 0.73, CI (0.47, 0.87) 0.73, CI (0.47, 0.87)
Movement time (s) 0.61, CI (0.22, 0.80) 0.76, CI (0.53, 0.88)
Path length ratio 0.76, CI (0.52, 0.88) 0.77, CI (0.55, 0.89)
Max speed (m/s) 0.76, CI (0.53, 0.88) 0.83, CI (0.66, 0.92)
Visually Guided Reaching Parameters: L
Posture speed (m/s) 0.74, CI (0.48, 0.87) 0.76, CI (0.52, 0.88)
Reaction time (s) 0.89, CI (0.78, 0.95) 0.80, CI (0.51, 0.90)
Initial direction error (rad) 0.73, CI (0.47, 0.87) 0.75, CI (0.50, 0.87)
Initial distance ratio 0.67, CI (0.33, 0.83) 0.71, CI (0.41, 0.85)
Initial speed ratio 0.30, CI (-0.40, 0.65) 0.74, CI (0.48, 0.87)
Speed maxima count 0.73, CI (0.46, 0.87) 0.69, CI (0.39, 0.85)
Minimum maximum speed difference (m/s) 0.81, CI (0.61, 0.90) 0.80, CI (0.60, 0.90)
Movement time (s) 0.75, CI (0.49, 0.87) 0.88, CI (0.76, 0.94)
Path length ratio 0.90, CI (0.80, 0.95) 0.90, CI (0.79, 0.95)
Max speed (m/s) 0.79, CI (0.59, 0.897) 0.90, CI (0.79, 0.95)
Arm Position Matching Parameters: R
Variability XY (m) 0.29, CI (-0.41, 0.65) 0.38, CI (-0.24, 0.69)
Contraction/expansion ratio XY 0.86, CI (0.72, 0.93) 0.87, CI (0.74, 0.93)
Shift XY (m) 0.59, CI (0.18, 0.80) 0.27, CI (-0.47, 0.63)
Absolute Error XY 0.66, CI (0.32, 0.83) 0.54, CI (0.07, 0.77)
Arm Position Matching Parameters: L
Variability XY (m) 0.62, CI (0.24, 0.81) 0.51, CI (0.01, 0.75)
Contraction/expansion ratio XY 0.77, CI (0.54, 0.88) 0.77, CI (0.54, 0.89)
Shift XY (m) 0.67, CI (0.34, 0.84) 0.43, CI (-0.14, 0.72)
Absolute Error XY 0.83, CI (0.65, 0.91) 0.51, CI (0.03, 0.76)
Object Hit Parameters ICC: S1 vs S2 ICC: S2 vs S3
Total hits 0.79, CI (0.58, 0.90) 0.88, CI (0.76, 0.94)
Hits with left 0.75, CI (0.51, 0.88) 0.83, CI (0.64, 0.92)
Hit with right 0.74, CI (0.49, 0.87) 0.85, CI (0.70, 0.93)
Hand bias hits 0.60, CI (0.21, 0.80) 0.73, CI (0.45, 0.86)
Miss bias 0.67, CI (0.33, 0.83) 0.89, CI (0.78, 0.95)
Hand transition 0.62, CI (0.24, 0.81) 0.71, CI (0.43, 0.86)
Hand selection overlap 0.43, CI (-0.15, 0.71) 0.23, CI (-0.54, 0.62)
Median error 0.30, CI (-0.40, 0.65) 0.42, CI (-0.17, 0.71)
Hand speed L (m/s) 0.76, CI (0.53, 0.88) 0.79, CI (0.59, 0.90)
Hand speed R (m/s) 0.80, CI (0.59, 0.90) 0.79, CI (0.58, 0.89)
Hand speed bias 0.72, CI (0.43, 0.86) 0.75, CI (0.50, 0.88)
Movement area L (m^2) 0.56, CI (0.12, 0.78) 0.50, CI (0.00, 0.75)
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both reaction time (s) (Visually guided reach-R) and
movement time (s) (Visually guided reach-L). All er-
rors appear unbiased as differences are spread evenly
and randomly above and below the line of equality in
Fig. 3a, b, c, and d. Alternatively, Fig. 4a shows a nega-
tive shift in the difference scores related to total hits
(Object hit) for S1 to S2 which reflects the presence of
a learning effect. When S2 was compared to S3, the
learning effect appears to be have been maintained
over one week when the subject returned to repeat the
testing (Fig. 4b). Figure 4c and d represent test time (s)
(Trail making B) for S1 to S2 and S2 to S3, respectively.
Although the shift in difference scores seen in Fig. 4c
is in the positive direction this also reflects a learning
effect. As seen with the previous parameter Fig. 4d
shows that the learning effect was maintained over the
one week when the subject returned to repeat the test-
ing procedure.
Outcomes from the two-way repeated measures
ANOVAs (parameters by sessions) are presented in
Table 5. Interactions between parameters and sessions
were identified for Object hit, Object hit and avoid,
and Trail making B tasks with Bonferroni adjustment
showing a main effect of session for S1 to S2 and S1 to
S3 in each but not for S2 to S3. This further supports
the evidence seen in the Bland-Altman plots that the
learning effect had stabilized after the second comple-
tion of the tasks, as no significant improvement in per-
formance was seen from S2 to S3. Table 5 also includes
p-values from post hoc Bonferroni corrections for a few pa-
rameters that indicate the presence of a learning effect with
the Object hit, Object hit and avoid, and Trail making B
tasks for S1 to S2 and S1 to S3. The clinical relevance
measure reflects a clinically relevant change between ses-
sions and coincides with a value of ≥ 0.80.
Discussion
The main purpose of the current study was to evaluate
the reliability of the KINARM robot with the objective
of using it as an assessment tool to evaluate motor and/
or cognitive performance in male children and adoles-
cents ranging in age from 10 to 14. One of the strengths
Table 3 Summary of Intra-class correlation coefficients and 95 % Confidence intervals (Continued)
Movement area R (m^2) 0.65, CI (0.31, 0.83) 0.83, CI (0.67, 0.92)
Movement area bias 0.64, CI (0.27, 0.82) 0.40, CI (-0.21, 0.70)
Object Hit & Avoid Parameters
Total hits 0.71, CI (0.41, 0.85) 0.65, CI (0.29, 0.82)
Hits with left 0.83, CI (0.65, 0.91) 0.53, CI (0.06, 0.77)
Hit with right 0.43, CI (-0.14, 0.72) 0.55, CI (0.09, 0.77)
Hand bias hits 0.48, CI (-0.04, 0.74) 0.44, CI (-0.29, 0.68)
Miss bias 0.69, CI (0.38, 0.85) 0.60, CI (0.19, 0.80)
Hand transition 0.58, CI (0.15, 0.79) 0.48, CI (-0.04, 0.74)
Hand selection overlap 0.36, CI (-0.28, 0.68) 0.63, CI (0.27, 0.82)
Median error 0.12, CI (-0.77, 0.56) 0.49, CI (-0.03, 0.74)
Hand speed L (m/s) 0.75, CI (0.49, 0.87) 0.57, CI (0.13, 0.78)
Hand speed R (m/s) 0.78, CI (0.56, 0.89) 0.76, CI (0.52, 0.88)
Hand speed bias 0.69, CI (0.37, 0.84) 0.64, CI (0.27, 0.82)
Movement area L (m^2) 0.53, CI (0.06, 0.77) 0.47, CI (-0.07, 0.73)
Movement area R (m^2) 0.70, CI (0.40, 0.85) 0.67, CI (0.34, 0.84)
Movement area bias 0.00, CI (-0.99, 0.50) 0.32 CI (-0.37, 0.66)
Distractor hits L 0.42, CI (-0.16, 0.71) 0.72, CI (0.44, 0.86)
Distractor hits R 0.60, CI (0.20, 0.80) 0.84, CI (0.68, 0.92)
Distractor hits total 0.54, CI (0.09, 0.72) 0.85, CI (0.70, 0.93)
Trail Making B Parameters
Total time (s) 0.44, CI (-0.13, 0.72) 0.67, CI (0.35, 0.84)
Dwell time (s) 0.71, CI (0.42, 0.86) 0.72, CI (0.43, 0.86)
Time ratio 0.06, CI (-0.89, 0.53) -0.35, CI (-1.70, 0.33)
Error count 0.10, CI (-0.80, 0.55) 0.09, CI (-0.82, 0.55)
Legend: Statistics from S1 to S2 and S2 to S3 in parameters associated with Visually guided reach, Arm position matching, Object hit, Object hit and avoid, and
Trail making B tasks
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Table 4 Summary data associated with Bland-Altman plots
Visually Guided Reaching Parameters: R Mean Difference (SD) 95 % Limits of Agreement Mean Difference (SD) 95 % Limits of Agreement
S1 to S2 S1 to S2 S2 to S3 S2 to S3
Posture speed (m/s) -0.0001 (0.001) (-0.003, 0.002) 0.0005 (0.002) (-0.003, 0.004)
Reaction time (s) 0.005 (0.018) (-0.030, 0.040) -0.002 (0.021) (-0.044, 0.039)
Initial direction error (rad) 0.006 (0.012) (-0.019, 0.031) -0.001 (0.010) (-0.020, 0.019)
Initial distance ratio -0.027 (0.055) (-0.137, 0.083) 0.010 (0.070) (-0.130, 0.151)
Initial speed ratio -0.002 (0.028) (-0.057, 0.054) -0.004 (0.023) (-0.049, 0.041)
Speed maxima count 0.111 (0.415) (-0.718, 0.942) -0.015 (0.495) (-1.006, 0.976)
Minimum maximum speed difference (m/s) 0.006 (0.006) (-0.006, 0.018) -0.003 (0.008) (-0.019, 0.012)
Movement time (s) 0.023 (0.149) (-0.274, 0.320) 0.112 (0.415) (-0.718, 0.942)
Path length ratio 0.045 (0.050) (-0.055, 0.145) -0.014 (0.055) (-0.124, 0.096)
Max speed (m/s) 0.007 (0.058) (-0.110, 0.123) -0.005 (0.068) (-0.140, 0.131)
Visually Guided Reaching Parameters: L
Posture speed (m/s) -0.0003 (0.001) (-0.003, 0.002) -0.0002 (0.002) (-0.003, 0.003)
Reaction time (s) 0.010 (0.018) (-0.046, 0.026) 0.0001 (0.027) (-0.054, 0.054)
Initial direction error (rad) 0.006 (0.013) (-0.020, 0.031) -0.001 (0.014) (-0.029, 0.027)
Initial distance ratio -0.010 (0.042) (-0.094, 0.074) 0.004 (0.045) (-0.085, 0.094)
Initial speed ratio 0.010 (0.032) (-0.054, 0.073) -0.002 (0.027) (-0.057, 0.053)
Speed maxima count 0.099 (0.313) (-0.527, 0.725) -0.027 (0.342) (-0.711, 0.658)
Minimum maximum speed difference (m/s) 0.002 (0.008) (-0.013, 0.018) 0.0007 (0.008) (-0.015, 0.017)
Movement time (s) 0.034 (0.120) (-0.207, 0.274) -0.009 (0.110) (-0.228, 0.210)
Path length ratio 0.037 (0.047) (-0.057, 0.132) 0.003 (0.052) (-0.102, 0.108)
Max speed (m/s) 0.003 (0.062) (-0.121, 0.128) -0.009 (0.060) (-0.128, 0.111)
Arm Position Matching Parameters: R
Variability XY (m) 0.001 (0.012) (-0.022, 0.024) 0.001 (0.012) (-0.022, 0.024)
Contraction/expansion ratio XY -0.026 (0.155) (-0.335, 0.283) -0.051 (0.157) (-0.366, 0.263)
Shift XY (m) 0.004 (0.029) (-0.054, 0.062) -0.005 (0.031) (-0.066, 0.057)
Absolute Error XY 0.002 (0.022) (-0.041, 0.046) -0.001 (0.022) (-0.044, 0.042)
Arm Position Matching Parameters: L
Variability XY (m) 0.003 (0.012) (-0.021, 0.027) 0.001 (0.011) (-0.022, 0.023)
Contraction/expansion ratio XY -0.001 (0.168) (-0.338, 0.336) -0.020 (0.175) (-0.371, 0.330)
Shift XY (m) -0.008 (0.023) (-0.055, 0.038) 0.004 (0.037) (-0.051, 0.059)
Absolute Error XY -0.005 (0.015) (-0.034, 0.025) 0.003 (0.021) (-0.039, 0.045)
Object Hit Parameters
Total hits -31 (17) (-65, 3) (-2 (13)) (-28, 25)
Hits with left -12 (10) (-33, 8) -3 (9) (-21, 15)
Hit with right -19 (11) (-41, 4) 1 (9) (-17, 19)
Hand bias hits -0.024 (0.077) (-0.179, 0.131) 0.024 (0.064) (-0.104, 0.153)
Miss bias 0.008 (0.035) (-0.063, 0.078) -0.009 (0.025) (-0.059, 0.041)
Hand transition -0.002 (0.032) (-0.066, 0.062) -0.005 (0.028) (-0.061, 0.051)
Hand selection overlap -0.010 (0.048) (-0.106, 0.086) -0.013 (0.048) (-0.109, 0.082)
Median error -5 (4) (-12, 3) -0.941 (4) (-9, 8)
Hand speed L (m/s) -0.038 (0.052) (-0.142, 0.065) -0.003 (0.046) (-0.095, 0.090)
Hand speed R (m/s) -0.041 (0.055) (-0.151, 0.070) 0.011 (0.055) (-0.098, 0.120)
Hand speed bias -0.0004 (0.060) (-0.056, 0.060) 0.022 (0.058) (-0.095, 0.138)
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of the current study is that performance outcome reli-
ability was evaluated using relative reliability (intra-class
correlation coefficients ≥ 0.50) and absolute reliability
(Bland-Altman agreement) methodologies.
Intra-class correlation coefficients tended to be moder-
ate to high for most parameters across tasks and sessions.
Intra-class correlation coefficients have been computed
previously for the KINARM robot tasks of Visually guided
reaching and Arm position matching in two separate pop-
ulations that included both young adults and older adults
who had suffered a stroke [27, 32]. In the study that eval-
uated Visually guided reaching, 25 % of parameters
were ≥ 0.50 to < 0.75 and 75 % were ≥ 0.75 as compared
to < 0.50 in 20 %, ≥ 0.50 to < 0.75 in 45 % and ≥ 0.75 in
35 % of parameters in the current study [32]. In the
Arm position matching study, 25 % of parameters
were ≥ 0.50 to < 0.75 and 75 % were ≥ 0.75 as compared
to < 0.50 in 13 %, ≥ 0.50 to < 0.75 in 50 % and ≥ 0.75 in
27 % in the current study [27]. Both studies included
individuals with broad functional levels ranging from
normal healthy adults to those with significant neurological
impairments associated with stroke. The current study in-
cluded only normal healthy children and adolescents, none
with sensorimotor impairment. We suspect that we ob-
served lower ICCs in the present study as a direct re-
sult of failing to include individuals with sensorimotor
impairments. Inclusion of such individuals in prior studies
demonstrated that the robotic scores had relatively low
intra-subject test-retest variability across a large range of
possible values which led to moderate to high ICCs in the
overwhelming majority of parameters. In the present
study we observed low ICCs in parameters where we re-
corded a very small range of scores across subjects (e.g.,
Visually guided reaching, Initial Speed Ratio – 0.92 to
1.0). In the future we plan to re-evaluate the reliability of
these parameters in children with brain injury.
Results from the current study are similar to those from
a test-retest reliability study (tested 60 days apart) that eval-
uated a battery of neuropsychological tests, including the
Trail making B task in children ages 9-14 [23]. As in the
Table 4 Summary data associated with Bland-Altman plots (Continued)
Movement area L (m^2) -0.020 (0.027) (-0.075, 0.035) -0.001 (0.028) (-0.058, 0.055)
Movement area R (m^2) -0.021 (0.028) (-0.077, 0.036) -0.001 (0.021) (-0.042, 0.041)
Movement area bias 0.004 (0.076) (-0.149, 0.156) -0.0004 (0.091) (-0.183, 0.182)
Object Hit & Avoid Parameters
Total hits -11 (13) (-37, 16) -1 (13) (-27, 26)
Hits with left -6 (6) (-18, 6) -1 (9) (-18, 17)
Hit with right -5 (11) (-26, 17) 0.1 (10) (-20, 20)
Hand bias hits 0.017 (0.094) (-0.170, 0.204) 0.011 (0.110) (-0.209, 0.230)
Miss bias 0.006 (0.036) (-0.077, 0.066) 0.004 (0.041) (-0.078, 0.085)
Hand transition -0.003 (0.034) (-0.071, 0.065) -0.004 (0.041) (-0.086, 0.077)
Hand selection overlap -0.019 (0.045) (-0.109, 0.071) 0.004 (0.037) (-0.069, 0.078)
Median error -1 (6) (-13, 11) -1 (5) (-11, 9)
Hand speed L (m/s) -0.027 (0.032) (-0.092, 0.038) 0.001 (0.044) (-0.087, 0.089)
Hand speed R (m/s) -0.019 (0.044) (-0.107, 0.070) 0.007 (0.047) (-0.086, 0.100)
Hand speed bias 0.024 (0.079) (-0.133, 0.182) 0.007 (0.091) (-0.175, 0.190)
Movement area L (m^2) -0.017 (0.024) (-0.065, 0.030) 0.0004 (0.028) (-0.057, 0.058)
Movement area R (m^2) -0.011 (0.023) (-0.057, 0.035) 0.0004 (0.023) (-0.046, 0.047)
Movement area bias 0.025 (0.117) (-0.210, 0.260) -0.003 (0.121) (-0.244, 0.238)
Distractor hits L -1 (4) (-10, 8) 0 (4) (-8, 9)
Distractor hits R -2 (5) (-11, 8) 1 (4) (-6, 8)
Distractor hits total -3 (8) (-20, 13) 1 (6) (-11, 13)
Trail Making B Parameters
Total time (s) 13 (15) (-18, 44) 3 (11) (-19, 26)
Dwell time (s) 6 (7) (-8, 20) 3 (7) (-10, 16)
Time ratio -0.054 (0.424) (-0.902, 0.795) -0.045 (0.550) (-1.145, 1.055)
Error count 1 (3) (-5, 6) 0 (2) (-4, 5)
Legend: Mean Difference and 95 % Limits of Agreement (lower followed by upper limit) for S1 to S2 and S2 to S3 for parameters associated with Visually guided
reach, Arm position matching, Object hit, Object hit and avoid, and Trail making B tasks
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current study only healthy typically developing children
with no neurological impairments were included in the reli-
ability analysis, intra-class correlation coefficients ranged
broadly from poor to good, 0.46 to 0.83 respectively [23].
The intra-class correlation coefficients for total time (s) as-
sociated with the Trail making B task in our study was 0.44
(S1 to S2) as compared to 0.65 in the previous study [23].
In the studies that included the KINARM robot tasks
of Visually guided reaching and Arm position matching,
data from both patients and controls were included in
the intra-class correlation coefficients computation. The
presence of sensorimotor impairment in a portion of the
population included in these reliability studies resulted
in an increased level of variability associated with the
outcome measures [27, 33]. This was not the case in the
current study or the paper that included the Trail mak-
ing B task, individuals who had sustained a concussion
were not included in the reliability testing [23]. Taken
together these results suggest that the level of perform-
ance variability associated with the neurological impair-
ment post-stroke appears far greater than that associated
with neural development. This is an important distinc-
tion as variability among subjects’ scores must be large
to demonstrate reliability [43]. Thus, we posit that the
low intra-class correlation coefficients seen in the current
study may have resulted from less variability among sub-
jects due to the fact that all participants were healthy typic-
ally developing children with no neurological impairments.
This is one limitation of the study. This is an argu-
ment for the inclusion of individuals across a broad
Mean
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Fig. 3 Bland-Altman plots. a and b: Reaction time (s) for S1 to S2 and S2 to S3, respectively. c and d: Movement time (s) for S1 to S2 and S2 to S3,
respectively. The difference scores fall primarily within the 95 % upper and lower limits of agreement
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functional spectrum when testing the reliability of any
measurement tool.
When Bland-Altman plots were used to determine
agreement with respect to the difference score associated
with subject’s performance for S1 to S2 or S2 to S3 a
learning effect became apparent in a few of the parameters
in the current study. Figure 3 presents examples of two
parameters that reflect agreement in performance from S1
to S2 and S2 to S3, whereas Fig. 4 shows examples of two
parameters that reflect the presence of a learning effect
for S1 to S2 but not S2 to S3. Many of the parameters that
showed improvement in the Bland-Altman plots showed a
statistically significant increase in performance from S1 to
S2, which reflected a learning effect, but not S2 to S3
(refer to Table 5). In addition, improved performance was
identified when S1 was compared to S3. This shows that
the learning effect had stabilized by the third completion
of the tasks. As seen in Fig. 4a the improvement in per-
formance associated with the total hits (Object hit) re-
sulted in a negative shift in the difference scores. However,
improved performance associated with total time (s) (Trail
making B) seen in Fig. 4c resulted in a positive shift in the
difference scores. Thus dependent upon the nature of the
skill being evaluated improvement in parameter perform-
ance was reflected either as an increase or decrease in
value. When evaluated, clinically relevant changes were
seen only in parameters from Object hit, Object hit and
avoid, and Trail making B.
A significant improvement or learning effect has been
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Fig. 4 Bland-Altman plots. a and b: Total hits for S1 to S2 and S2 to S3, respectively. a shows a learning effect with a negative shift in the
difference scores. c and d: Test time (s) for S1 to S2 and S2 to S3, respectively. c shows a learning effect with a positive shift in the difference
scores while b and d reflect the maintenance of the learning effect one week following the initial testing session
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Table 5 Outcomes from the two-way repeated measures ANOVAs (parameters by sessions)




















F(18, 16) = 2.062,
p < 0.076
Interaction:
F(18, 16) = 9.888,
p < 0.0001, r = 0.4
No interaction:
F(6, 28) = 2.299,
p < 0.063
No interaction:
F(6, 28) = 1.137,
p < 0.367
Interaction:
F(25, 9) = 12.411,
p < 0.0001, r = 0.8
NA Interaction:
F(30, 4) = 5.896,
p < 0.048, r = 0.8
NA Interaction:
F(6, 28) =11.566,
p < 0.0001, r = 0.5
NA
Bonferroni Adjustment




S1vsS2 p < 0.069 S1vsS2
p < 1.000
S1vsS2 p < 1.000 S1vsS2 p < 0.0001 NA S1vsS2 p < 0.001 NA S1vsS2 p < 0001 NA
S2vsS3
p < 1.000
S2vsS3 p < 1.000 S2vsS3
p < 0.163
S2vsS3 p < 1.000 S2vsS3 p < 1.000 S2vsS3 p < 1.000 S2vsS3 p < 0.07
S1vsS3
p < 0.811
S1vsS3 p < 0.343 S1vsS3
p < 0.068
S1vsS3 p < 1.000 S1vsS3 p < 0.0001 S1vsS3 p < 0.0001 S1vsS3 p < 0.0001
Post-hoc Bonferroni
corrections
NA NA NA NA 1) Total hits:
p < 0.0001
1.58 1) Total hits:
p < 0.0001




2) Hits with left:
p < 0.0001
1.10 2) Hits with left:
p < 0.0001
0.73 2) Dwell time (s):
p < 0.0001
0.78
3) Hits with right:
p < 0.0001
1.52 3) Hits with right:
p < 0.020
0.47
4) Hand speed left (m/s):
p < 0.0001
0.62 4) Hand Selection
Overlap: p < 0.021
0.49
5) Hand speed right
(m/s): p < 0.0001
0.57 5) Hand speed left
(m/s): p < 0.0001
0.63
6) Movement area left
hand (m^2):
p < 0.0001
0.71 6) Hand speed right















NA NA NA NA 1) Total hits:
p < 0.0001
1.66 1) Total hits:
p < 0.0001




2) Hits with left:
p < 0.0001
1.38 2) Hits with left:
p < 0.0001
0.84 2) Dwell time (s):
p < 0.0001
1.13
3) Hits with right:
p < 0.0001


















Table 5 Outcomes from the two-way repeated measures ANOVAs (parameters by sessions) (Continued)
4) Hand speed left
(m/s):
p < 0.002
5) Hand speed left
(m/s): p < 0.0001




6) Hand speed right
(m/s): p < 0.025




7) Movement area left






Legend: Statistical analysis summary that included interactions (bold italic) and session effects across the five KINARM tasks as well as identification of those parameters that showed a statistically significant













Trail making B task in children, adolescents and adults
[23, 47, 48]. Practice effects tend to be defined as some
improvement in performance between concurrent test
sessions based on familiarity with the procedures and/or
previous exposure to the assessment, while learning ef-
fects relate to the retention of the improvement over a
period of time [22, 49]. The results in our study showed
that the learning effect had stabilized by the third appli-
cation of the test.
Learning effects can be a confounding factor in the
interpretation of test scores. The inherent variability as-
sociated with a learning effect may artificially inflate
intra-class correlation coefficients. This is a limitation
when using intra-class correlation coefficients to evalu-
ate reliability and highlights the importance of using
more than one method when testing reliability. We can
speculate that some of the intra-class correlation coeffi-
cients in the current study may have fallen within the
low to moderate range in the absence of a learning ef-
fect. The Bland-Altman plots however show good abso-
lute reliability in the majority of the parameters for S1
to S2 and all parameters for S2 to S3, with stabilization
of the learning effect.
If not addressed, learning effects have the potential to
falsely give the impression of “improvement” which can
adversely complicate interpretation of outcomes particu-
larly when comparing athletes from pre-season perform-
ance to post-concussion. In one reliability study that
evaluated neuro-cognitive tests, the learning effect was
adjusted using a correction factor; a mean change score
was calculated and added to the confidence interval of
the outcome scores after repeat testing [23]. Under these
conditions no change in performance could be inter-
preted as absence of neural impairment following con-
cussion. An alternative interpretation would be that the
robot tasks did not target areas of the brain susceptible to
concussion or that the robot was not able to pick up any
change in performance. A significant decline in perform-
ance could be attributed to the effect of the concussion. A
correction factor was not calculated in the current study.
Since the effect of learning was stable after the second
testing session an alternative strategy would be to imple-
ment a practice session (P1) preceding experimental
testing in the pre-season [50, 51]. This would eliminate
the effect of learning and changes in performance out-
comes post-injury could be directly linked to the effects
of concussion. Increased performance outcomes follow-
ing concussion, with no practice session, could be inter-
preted as a lack of neural impairment. Alternatively, no
change in performance could suggest the presence of
neural impairment, as an increase in performance would
be expected in the presence of learning. If a practice ses-
sion (P1) were included in the experimental paradigm
no change in performance from pre-season testing (S1)
to post-concussion assessment (S2) would be interpreted
as clinically insignificant, no neural impairment. Simi-
larly, with no practice session, a significant increase from
S1 to S2 would be interpreted as an absence of neurological
impairment. In those parameters that did not show a clinic-
ally significant learning effect, no change in performance
post-concussion would be interpreted as the absence of
neural impairment whereas a decline in performance would
be associated with the effect of concussion.
Conclusion
In general, the relative homogeneity of the sample as well
as the effect of learning seen in some of the outcome pa-
rameters appear to have had a negative impact on the
intra-class correlation coefficients for session 1 to 2, with
less impact for 2 to 3. However, the Bland-Altman analysis
supports good absolute reliability. Thus the KINARM robot
appears to be reliable for healthy male children with no
neurological impairment ranging in age from 10 to 14. Our
finding supports further testing to evaluate children pre
and post-concussion, to determine whether the KINARM
robot is sufficiently sensitive to identify neural impairments.
The learning effect could be addressed in one of two ap-
proaches by: 1) creating a learning effect correction adjust-
ment factor which would enhance efficiency at baseline
testing and/or 2) implementing a training practice session
to eliminate the learning effect. These findings begin to es-
tablish a group of parameters associated with KINARM
robot tasks appropriate for the use in young sports partici-
pants and “set the stage” for clinical studies to evaluate the
validity of these measures in a younger population.
Competing interests
SS is co-founder and chief scientific officer of BKIN Technologies, the
company that commercializes the KINARM robotic device. The other
authors CEL, CE, AB, WM, BB, SD have no competing interests to declare.
Authors’ contributions
CEL contributed to the design of the experiment, data collection, data
analysis, statistical analysis of the data, drafted the manuscript. CE, SD, and
AB provided input to the study design. AB helped with data collection. CE,
SD, and SS contributed to the data analysis. CE, SD, WM, ANA provided input
on statistical analysis of the data. CE, SD, WM, AB, BB, SS were involved in
drafting the manuscript. All authors read and approved the final manuscript.
Acknowledgements
This work was supported by a Canadian Institutes Health Research Team
Grant (201210): Mild Traumatic Brain Injury in Children and Youth, Hotchkiss
Brain Institute (Co-PI’s – CE, WM) and the Talisman Energy Fund in support
of Healthy Living and Injury Prevention and the Alberta Children’s Hospital
Research Institute for Child and Maternal Health.
Author details
1Department of Kinesiology, University of Calgary, Calgary, Alberta, Canada.
2Department of Biomedical and Molecular Sciences, Queen’s University,
Kingston, Ontario, Canada. 3Departments of Pediatrics & Community Health
Sciences, Alberta Children’s Hospital, University of Calgary, Calgary, Alberta,
Canada. 4Department of Clinical Neurosciences, University of Calgary,
Calgary, Alberta, Canada. 5Department of Clinical Neurosciences, Hotchkiss
Brain Institute, University of Calgary, Calgary, Alberta, Canada.
Little et al. Journal of NeuroEngineering and Rehabilitation  (2015) 12:78 Page 16 of 18
Received: 8 June 2015 Accepted: 27 August 2015
References
1. Centers for Disease Control and Prevention. Injury Prevention and
Control: Traumatic Brain Injury: How many people have TBI? 2012.
Available at: http://www.cdc.gov/TraumaticBrainInjury/statistics.html.
Accessed 19 May 2015.
2. Choe MC, Babikian T, DiFiori J, Hovda DA, Giza CC. A pediatric perspective
on concussion pathophysiology. Curr Opin Pediatr. 2012;24(6):689–95.
3. Risdall JE, Menon DK. Traumatic brain injury. Philos Trans R Soc Lond B Biol
Sci. 2011;366:241–50.
4. Ruff RM. Mild traumatic brain injury and neural recovery: rethinking the
debate. NeuroRehabilitation. 2011;28:167–80.
5. Brain Injury Association of Canada. Available at: http://braininjurycanada.ca/
acquired-brain-injury. Accessed 1 September 2015.
6. Rishiraj N, Lloyd-Smith R, Lorenz T, Niven B, Michel M. University men’s ice
hockey: rates and risk of injuries over 6 years. J Sports Med Phys Fitness.
2009;49:159–66.
7. Stewart TC, Gilliland J, Fraser DD. An epidemiologic profile of pediatric
concussions: Identifying urban and rural differences. J Trauma Acute Care
Surg. 2014;75(3):736–42.
8. Field M, Collins MW, Lovell MR, Maroon J. Does age play a role in recovery
from sports-related concussion? A comparison of high school and collegiate
athletes. J Pediatr. 2003;142:546–53.
9. McClincy MP, Lovell MR, Pardini J, Collins MW, Spore MK. Recovery from
sports concussion in high school and collegiate athletes. Brain Inj.
2006;20(1):33–9.
10. Moser RS, Schatz P, Jordan BD. Prolonged effects of concussion in high
school athletes. Neurosurgery. 2005;57(2):300–6.
11. McLeod TCV, Bay RC, Lam KC, Chhabra A. Representative baseline values
on the sport concussion assessment tool 2 (SCAT2) in adolescent
athletes vary by gender, grade, and concussion history. Am J Sports
Med. 2012;40:927–33.
12. Mayfield R, Bay RC, McLeod TCV. Post-concussion deficits measured by the
sport concussion assessment tool 2 among interscholastic athletes. Athletic
Training Sports Health Care. 2013;5(6):265–71.
13. DeBeaumont L, Brisson B, Lassonde M, Jolicoeur P. Long-term
electrophysiological changes in athletes with a history of multiple
concussions. Brain Inj. 2007;21(6):631–44.
14. Fait P, Swaine B, Cantin JF, Leblond J, McFadyen BJ. Altered integrated
locomotor and cognitive function in elite athletes 30 days
postconcussion: a preliminary study. J Head Trauma Rehabil.
2013;28(4):293–301.
15. Howell DR, Osternig LR, Chou LS. Dual-task effect on gait balance control in
adolescents with concussion. Arch Phys Med Rehabil. 2013;94:1513–20.
16. Howell DR, Osternig LR, Koester MC, Chou LS. The effect of cognitive task
complexity on gait stability in adolescents following concussion. Exp Brain
Res. 2014;232:1773–82.
17. van der Naalt J, Hew JM, van Zomeren AH, Sluiter WJ, Minderhoud JM.
Computed tomography and magnetic resonance imaging in mild to
moderate head injury: early and late imaging related to outcome. Ann
Neurol. 1999;46:70–8.
18. Waljas M, Iverson GL, Lange RT, Hakulinen U, Dastidar P, Huhtala H, et al.
A prospective biopsychosocial study of the persistent post-concussion
symptoms following mild traumatic brain injury. J Neurotrauma.
2015;32:1–14.
19. Karlin AM. Concussion in the pediatric and adolescent population: “Different
population, different concerns”. PM R. 2011;3:S369–79.
20. Valovich McLeod TC, Perrin DH, Guskiewicz KM, Shultz SJ, Diamond R, Gansneder
BM. Serial administration of clinical concussion assessments and learning effects
in healthy young athletes. Clin J Sport Med. 2004;14(5):287–95.
21. Valovich McLeod TC, Barr WB, McCrea M, Guskiewicz KM. Psychometric and
measurement properties of concussion assessment tools in youth sports.
J Athl Train. 2006;41(4):399–408.
22. Davis GA, Purcell LK. The evaluation and management of acute concussion
differs in young children. Br J Sports Med. 2014;48(2):98–101.
23. Fuelscher I, Williams J, Hyde C. Developmental improvements in reaching
correction efficiency are associated with an increased ability to represent
action mentally. J Exp Child Psychol. 2015;140:74–91.
24. Halberda J, Ly R, Wilmer JB, Naiman DQ, Germine L. Number sense across the
lifespan as revealed by a massive internet-based sample. Proc Natl Acad Sci U S
A. 2012;109(28):11116–20.
25. Ouatman-Yates C, Hugentobler J, Ammon R, Mwase N, Kurowski B, Myer
GD. The utility of the Balance Error Scoring System for mild brain injury
assessments in children and adolsecents. Physician Sports Med.
2014;42(3):32–8.
26. Dalecki MS, Sergio LE. Prolonged cognitive-motor impairments in children
with a history of concussion. #2-D-107, Canadian Association for
Neuroscience, 2015, Vancouver, BC. http://can-acn.org/documents/2015/
CAN2015_Abstract_Booklet.pdf.
27. Dukelow SP, Herter TM, Moore KD, Demers MJ, Glasgow JI, Bagg SD, et al.
Quantitative assessment of limb position sense following stroke.
Neurorehabil Neural Repair. 2010;24(2):178–87.
28. Dukelow SP, Herter TM, Bagg SD, Scott SH. The independence of deficits in
position sense and visually guided reaching following stroke. J Neuroeng
Rehabil. 2012;9(72):1–13.
29. Debert CT, Herter TM, Scott SH, Dukelow S. Robotic assessment of
sensorimotor deficits after traumatic brain injury. J Neurol Phy Ther.
2012;36:58–67.
30. Subbian V, Meunier JM, Korfhagen JJ, Ratcliff JJ, Shaw GJ, Beyette FR.
Quantitative assessment of post-concussion syndrome following mild
traumatic brain injury using robotic technology. Conf Proc IEEE Eng Med
Biol Soc. 2014: 5353-6. Doi:10.1109/EMBC.2014.6944835
31. Portney LG, Watkins MP. Foundations of Clinical Research: Application to
Practice. 3rd ed. Upper Saddle River: Prentice Hall; 2009.
32. Coderre AM, Zeid AA, Dukelow SP, Demmers MJ, Moore KD, Demers MJ,
et al. Assessment of upper-limb sensorimotor function of
subacute stroke patients using visually guided reaching . Neurorehab
Neural Repair. 2010;24(6):528–41.
33. Herter TM, Scott SH, Dukelow SP. Systematic changes in position sense
accompany normal aging across adulthood. J Neuroeng Rehabil.
2014;11(43):1–12.
34. Tyryshkin K, Coderre AM, Glasgow JI, Herter TM, Bagg SD, Dukelow SP, et al.
A robotic object hitting task to quantify sensorimotor impairments in participants
with stroke. J Neuroeng Rehabil. 2014;11(47):1–12.
35. Arbuthnott K, Frank J. Trail making test, Part B as a measure of executive
control: validation using a set-switching paradigm. J Clin Exp Neuropsychol.
2000;22(4):518–28.
36. Soukup VM, Ingram F, Gradg JJ, Schiess MC. Trail making test: issues in
normative data selection. Appl Neurophys. 1998;5(2):65–73.
37. KINARM Robot User Guide, B-KIN Technologies, Kingston, Ontario; 2014
38. Field A. Discovering statistics using SPSS. 3rd ed. London: SAGE
Publications; 2009.
39. Atkinson G, Nevill AM. Statistical methods for assessing measurement error
(reliability) in variables relevant to sports medicine. Sports Med. 1998;26(4):217–38.
40. Stratford PW, Goldsmith CH. Use of the standard error as a reliability index
of interest: an applied example using elbow flexor strength data. Phys Ther.
1997;77(7):745–50.
41. Bland JM, Altman DG. Measuring agreement in method comparison studies.
Stat Methods Med Res. 1999;8:135–60.
42. Bland M, Altman DG. Statistical methods for assessing clinical
measurement between two methods of clinical measurement. Lancet.
1986;1(8476):307–10.
43. Testa M. Interpreting quality of life clinical trial data for use in the clinical
practice of antihypertensive therapy. J Hypertens. 1987;5 Suppl 1:S9–13.
44. Kazis L, Anderson J, Meenan R. Effect sizes for interpreting changes in
health status. Med Care. 1989;27:S178–89.
45. Wyrwich KW, Wolinsky FD. Identifying meaningful intra-individual change
standards for health-related quality of life measures. J Eval Clin Pract.
2000;6(1):39–49.
46. Cohen J. Statistical power analysis for the behavioral sciences. New York:
Academic; 1977.
47. Register-Mihalik JK, Kontos DL, Guskiewicz KM, Mihalik JP, Conder R,
Shields EW. Age-related differences and reliability on computerized and
paper-and-pencil neurocognitive assessment batteries. J Athl Train.
2012;47(3):297–305.
48. Langenecker SA, Zubieta J-K, Young EA, Akil H, Nielson KA. A task to
manipulate attentional load, set-shifting, and inhibitory control: Convergent
validity and test-retest reliability of the parametric Go/No-Go test.
J Clin Exper Neuropsy. 2007;29(8):842–53.
Little et al. Journal of NeuroEngineering and Rehabilitation  (2015) 12:78 Page 17 of 18
49. Chulune GJ, Naugle RI, Luders H, Sedlack J, Awad IA. Individual change after
epilepsy surgery: practice effects and base-rate information. Neuropsychol.
1993;7:41–52.
50. Alvarez GA, Cavanagh P. The capacity of visual short-term memory is set
both by visual information load and by number of objects. Psycho Sci.
2004;15(2):106–11.
51. Little CE, Woollacott M. Effect of attentional interference on balance
recovery in older adults. Exp Brain Res. 2014;232(7):2049–60.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Little et al. Journal of NeuroEngineering and Rehabilitation  (2015) 12:78 Page 18 of 18
